Ϫ or vehicle and promoted angiogenesis through stimulation of endothelial cell proliferation, migration, and survival by paracrine effects. CD133 ϩ cells secreted high levels of vascular endothelial growth factor (VEGF)-A and interleukin (IL)-8. Consistently, CD133
C hronic wounds represent a relevant clinical and socioeconomic burden, with diabetic foot ulcers alone causing costs of 300 million pounds per annum to the United Kingdom National Health System. 1 Diabetic patients with foot ulcers associated with peripheral vascular disease manifest the worst outcome, with higher amputation and mortality rates than patients carrying nonischemic ulcers. 2, 3 Although the efficacy of a topical gel formulation of recombinant human platelet-derived growth factor-BB was recently demonstrated in patients with nonischemic neuropathic ulcers, 4 most ischemic ulcers are refractory to conventional treatment and growth factor (GF) therapy. 5 Therefore, new strategies for the cure of life-threatening ischemic ulcers are urgently awaited.
Preliminary evidence supports the potential of adult or fetal stem/progenitor cells for the healing of skin ulcers. 6 -8 However, because of the lack of an appropriate preclinical model, no information is available regarding the effectiveness of cell therapy on ischemic diabetic foot ulcers. The healing activity of stem cells is credited to their ability to transdifferentiate into the vascular and nonvascular components of injured tissue, as well as to secretion of GFs, which may activate endogenous modulators of angiogenesis in the recipient. 9 -11 Notably, fetal stem cells show significant advantages over their adult counterparts in terms of proliferative capacity, engraftment kinetics, and differentiation plasticity. Fetal stem cells abundantly express CD133, an antigenic marker associated with high clonogenic potential and asymmetrical divi-sion; both of these are typical "stemness" features. 12 In a nondiabetic murine ischemic hindlimb model, we recently reported that transplantation of a low number of CD133 ϩ human fetal aorta-derived vascular progenitor cells promotes reparative neovascularization and skeletal myocyte regeneration, thereby supporting limb salvage. 13 We also showed that fetal CD133
ϩ cells release large amounts of vascular endothelial growth factor (VEGF)-A. 13 VEGF-A is a potent stimulator of the phosphatidylinositol 3-kinase-protein kinase B (Akt) pathway, which exerts proangiogenic and prosurvival effects through, among others, phosphorylation/ activation of endothelial nitric oxide synthase and phosphorylation/inactivation of glycogen-synthase kinase 3␤ and forkhead box O (FOXO) transcription factors. 14, 15 Expanding our present knowledge of stem cell action, we analyzed the role of Wingless (Wnt) gene products, which previously have been implicated in stem cell self-renewal. 16 Wnt proteins of the canonical pathway bind to Frizzled (Fz) receptors, which then form a complex with the coreceptor LRP (LDL receptor-related protein). Through several cytoplasmic relay components, the signal is transduced to ␤-catenin, which enters the nucleus to modulate the expression of target genes. 17 The noncanonical pathway is independent of LRP/␤-catenin and encompasses the Wnt/Ca 2ϩ and Wnt/planar cell polarity pathways. 18 Wnts play a key role in embryonic vasculogenesis, by modulating the expansion of primitive VEGF receptor 2-positive vascular progenitor cells, 16, 19 as well as in postnatal angiogenesis. 20, 21 In addition, Wnt/␤-catenin signaling is implicated in physiological and pathological wound cicatrisation. 22, 23 Here, we used a newly developed mouse model of diabetic ischemic foot ulcer to study the therapeutic activity of fetal CD133 ϩ cells and their conditioned medium. We furthermore elucidated mechanistic aspects of CD133 ϩ cell action in the setting of diabetic wound healing.
Materials and Methods

Human Fetal Cells
Aortas from 11-to 12-week-old human fetuses (nϭ15) were obtained according to the ethical guidelines of the Network for European CNS Transplantation and Restoration (NECTAR) as described before. 13 The experimental protocol was approved by the ethics committees of the National Neurological Institute "Carlo Besta" (Milan, Italy). CD133
Ϫ cells were generated from CD133 ϩ cells by serum-induced differentiation, as previously reported. 13, 24 Cell-conditioned medium (CCM) was obtained from cultures of 2ϫ10 5 cells/mL after 48 hours of incubation.
Animal Procedures
All procedures complied with the standards stated in the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, National Academy of Sciences, Bethesda, Md, 1996) and were covered by ethical approvals from the Italian Ministry of Health and the United Kingdom Home Office. In 6-to 7-week-old male CD1 mice (Charles River Laboratories, Milan, Italy, and Morgate, UK) diabetes was induced by streptozotocin (Sigma), as described. 25 Persistence of glycosuria of Ն10 g/L was checked over the duration of the experiments. Four weeks after diabetes induction, bilateral hindlimb ischemia was induced by ligature of the proximal end of femoral arteries. 13 At the same occasion, full-thickness wounds were created in the thigh dorsal skin of both legs using a sterile 5-mm-wide biopsy punch. 26 The wounds were covered with type I collagen (Sigma) alone or collagen containing 2ϫ10 4 ϩ CCM was applied together with neutralizing antibodies against VEGF, interleukin (IL)-6, or IL-8. Contralateral wounds were covered with hydrogel containing nonconditioned culture medium (NCCM). After surgery, animals were maintained in individual cages with food and water ad libitum and in a temperature and humidity-controlled environment. Clinical outcome was established by determining the rate of wound closure. 26 An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org.
Results
Characterization of CD133
؉ and CD133 ؊ Cells
Progenitor cells derived from human fetal aorta, expressed CD133, CD117 (c-Kit), and CXCR4 but only low levels of mature endothelial markers, such as CD31 and CD146, as previously reported. 13 Exposure to serum-induced differentiation associated with the loss of CD133 and CD117 and the acquisition of endothelial antigens (Online Figure I , A and B, in the online data supplement, available at http://circres. ahajournals.org). Gene expression analysis verified downregulation of several stem cell-associated genes during serum-induced maturation (Online Table I ). Furthermore, differentiation of CD133 ϩ into CD133 Ϫ cells was associated with downregulation of Wnt4, Wnt5A, Wnt7A, Wnt7B, and Wnt10A and upregulation of sFRPs (Online Figure I, C) . Inversely, culture of CD133 ϩ cells in the presence of sFRP-1 caused a 25% reduction in CD133 expression (Online Figure I, D) , without altering the abundance of CD31 (data not shown).
CD133
؉ Cells Accelerate Wound Closure in Diabetes
To assess the added effect of ischemia on diabetic wound healing, limb wounds were produced bilaterally together with unilateral femoral artery occlusion in streptozotocin-induced diabetic mice. Laser Doppler flowmetry confirmed an initial reduction of limb blood flow on the side of artery occlusion by 82%. Blood flow was still reduced to 52% as compared to the contralateral side on day 7. Wound closure was significantly delayed in ischemic as compared to nonischemic wounds (Online Figure II) .
Next, to study the impact of cell or medium administration on wound healing, we produced wounds and limb ischemia bilaterally. The right side was covered with plain collagen gel alone and served as internal control, whereas gel on the left side wound contained either 2ϫ10 4 CD133 ϩ or CD133 Ϫ cells or the vehicle. Transplantation of CD133 ϩ cells accelerated the rate of wound closure in streptozotocin-induced diabetic mice, whereas no effect was observed in groups given CD133 Ϫ cells or collagen as compared with the contralateral side ( Figure 1A and Online Figure III) . Two-way ANOVA detected a treatment effect among groups (PϽ0.05), with no interaction between treatment and time. In addition, Bonferroni post test analysis revealed an improved clinical outcome in the CD133 ϩ treatment group as compared with collagen or CD133 Ϫ cells. Neither cell therapy nor collagen accelerated hindlimb hemodynamic recovery (data not shown).
Capillarization was increased at days 3 and 7 in wounds transplanted with CD133 ϩ cells as compared with CD133
Ϫ cell-or collagen-treated ulcers (Online Figure IV and Figure  1B ) but returned to levels comparable to CD133 Ϫ cell or collagen treatment at day 14 ( Figure 1C ). Furthermore, in ulcers collected at 3 days from CD133 ϩ cell transplantation, a higher number of endothelial cells (ECs) stained positive for the proliferation marker MCM-2, and a lower number showed apoptosis-associated TUNEL positivity, as compared with CD133
Ϫ cell-or collagen-treated wounds ( . Immunohistochemistry studies also demonstrated an extremely thin endothelial lining of the forming blood vessels in the diabetic wounds, which is fragmental and exhibits gaps of all sizes with bleeding into the surrounding tissue, as indicated by the existence of numerous erythrocytes in the perivascular tissue. CD133 ϩ cell treatment improves this condition without completely omitting the gaps and the extreme stretching of many vessel walls.
؉ Figure V, C and D) . Furthermore, the rare hNA ϩ cells were located at 2-to 5-cell-diameter distance from microvessels, indicating that these residual elements were not integrated in the wound vasculature (Online Figure V, C) . This led us to suspect a paracrine mechanism underlying the supportive effect on wound healing and capillarization described above.
We have previously shown that CD133 ϩ cells produce large amounts of VEGF-A. 13 By cytokine bead array, we verified this and identified additional proangiogenic factors, secreted at higher levels by CD133
ϩ as compared to CD133 Ϫ cells. Highest levels were detected for IL-6 and IL-8 among interleukins, VEGF-A and granulocyte-colony stimulating factor (G-CSF) among GF, and monocyte chemoattractant protein-1 (CCL2) among chemokines ( Figure 3 ). In accordance with those findings, administration of CD133 ϩ CCM instead of cells supported wound closure, whereas CD133 Ϫ CCM was ineffective ( Figure 4A ). The healing action of CD133 ϩ CCM was associated with increased wound vascularization at 7 days as compared with wounds given CD133 Ϫ CCM or NCCM ( Figure 4B and 4D) . However, no difference in capillary density was detected among groups at 14 days ( Figure 4C ).
CD133 ؉ CCM Promotes Endothelial Cell Migration and Survival In Vitro
To gain insight into the mechanisms underlying CD133 ϩ CCM-induced capillarization, we first performed a Matrigel- Figure 5A ). Network formation, even in a simplified in vitro assay, relies on the interplay of several distinct cellular processes, which we addressed separately. First, we focused on directed migration of ECs, which is crucial for organized capillary growth. HUVECs migrated toward CD133 ϩ CCM in gap closure ("scratch"), as well as in "transwell" chemotaxis assays ( Figure 5B and 5C ). Next, we analyzed apoptosis, which is typically activated in ECs from diabetic patients or after exposure to hyperglycemic (HG) culture conditions. Consistently, we found higher activities of caspases 3 and 7 in HG-cultured ECs, which was prevented by the addition of CD133 ϩ CCM, but not CD133 Ϫ CCM, to the HG medium ( Figure 5D ).
One critical nexus in the network controlling migration, proliferation, and apoptosis is governed by the protein kinase Akt. In the presence of CD133 ϩ CCM, we detected higher phosphorylation states of Akt at Ser473, which has been described to be crucial for its activity (Online Figure VI, A) . 14 Accordingly, transfection of HUVECs with dominantnegative Akt reduced CD133
ϩ CCM-mediated survival in HG conditions by 50% (PϽ0.05 versus green fluorescent protein-transfected cells, data not shown). Akt itself exerts its effects in part via the phosphorylation of endothelial nitric oxide synthase (associated with activation and increased generation of the endothelial survival factor nitric oxide [NO] ) and via the forkhead transcription factor FOXO1 (associated with inactivation and blockade of its proapoptotic function). In the presence of CD133 ϩ CCM, endothelial nitric oxide synthase and FOXO1 showed higher phosphorylation levels as compared to NCCM, a result that agrees with the above described overall prosurvival action of CD133 ϩ CCM (Online Figure VI , B and C). We could not detect significant difference among treatment groups with regard to glycogensynthase kinase 3␤ phosphorylation (Online Figure VI, D) .
Paracrine Mechanisms Implicated in CD133 ؉
CCM-Regenerative Action
As described above, we detected high levels of VEGF-A, IL-6, and IL-8 in the CCM of CD133 ϩ cells and therefore suspected their involvement in the therapeutic and angiogenic action of CD133 ϩ CCM. In vivo, neutralizing antibodies against VEGF-A or IL-8 inhibited the healing effect of CD133 ϩ CCM, thus confirming the critical role of both factors in wound closure and capillarization, whereas capturing IL-6 did not affect CD133 ϩ CCM-induced wound closure or capillarization (Online Figure VII, A and B) . In in vitro scratch assays, neutralizing antibodies against VEGF-A, IL-6, or IL-8 attenuated the acceleration of HUVEC gap closure by CD133 ϩ CCM (Online Figure VII, C) . Neutralizing VEGF-A, IL-6, or IL-8, however, failed to suspend the protective action of CD133 ϩ CCM on HG-induced apoptosis (data not shown).
CD133 ؉ Cells Activate Wnt Signaling In Vivo and In Vitro
Recent evidence suggests a link between the VEGF-A and Wnt pathways, with Wnt potentiating the susceptibility of ECs to VEGF-A signals. 28 The findings that CD133 ϩ cells express Wnt genes and release VEGF-A prompted us to investigate whether CD133 ϩ cells may paracrinally activate the Wnt signaling pathway in the recipient's wounds.
To this aim, we screened for Wnt genes regulated by the treatment with CD133 ϩ cells in diabetic wounds. RNA was extracted from tissue collected at day 3 postwounding and subjected to quantitative RT-PCR. Wnt4, Wnt5A, Wnt5B, Wnt7A, and Wnt7B genes were present in all wound samples (data not shown). Interestingly, the expression of only Wnt7A was increased in CD133 ϩ cell-treated wounds as compared with either CD133
Ϫ cell-or collagen-treated wounds (Online Figure VIII) .
Next, we evaluated the involvement of Wnt in promotion of angiogenesis by human progenitor cells. HUVECs cultured under HG conditions expressed Wnt2B, Wnt3, Wnt4, Wnt5A, Wnt9A, and, to a lesser extent, Wnt8B and Wnt16 (data not shown). Following exposure to CD133 ϩ CCM, we observed an upregulation of Wnt3, Wnt5A, and Wnt9A as compared with HUVECs exposed to CD133 Ϫ CCM or control NCCM (Online Figure IX) . Importantly, addition of with anti-VEGF-A antibodies to CD133 ϩ CCM prevented the induction of Wnt3, Wnt5A, and Wnt9A by CD133 ϩ CCM (data not shown), thus implying a role of VEGF-A in the modulation of Wnt expression.
To verify the importance of Wnt signaling in vivo, we next applied the Wnt antagonist sFRP together with CD133 ϩ CCM onto diabetic wounds. Importantly, sFRP-1 abolished the facilitation of wound closure and reparative angiogenesis by CD133
ϩ CCM ( Figure 6 ). Consistent with in vivo data, the supportive action of CD133 ϩ CCM on in vitro network formation by HUVECs was negated in the presence of sFRP-1 (Online Figure X) . However, if sFRP-1 was added to NCCM, HUVEC network formation was facilitated, in agreement with results published before. 21 Similarly, CD133 ϩ CCM-induced HUVEC migration was blunted by sFRP-1 (Online Figure XI) . No effect of sFRP-1 on HUVEC survival in the presence of CD133 ϩ CCM under HG conditions was detected (data not shown). To elucidate further distinct Wnt signaling mechanisms mediated by CD133 ϩ CCM, we studied network formation, as well as gap closure and survival in HUVECs, in the presence or absence of Dkk-1. Dkk-1 inhibits canonical Wnt signaling by binding to LRP, which is thereupon removed from the membrane via kremen proteins. 29 Dkk-1 tended to reduce HUVEC network formation facilitated by CD133 ϩ CCM (Online Figure X) , whereas HUVEC gap closure mediated by CD133 ϩ CCM was not affected by addition of Dkk-1 (Online Figure XI) .
In CD133 ϩ CCM-stimulated ECs, we performed a luciferase-based reporter assay to detect ␤-catenin-induced gene expression via binding to Tcf/Lef elements. Surprisingly, we could not find transcriptional activation in response to either CD133 ϩ or CD133 Ϫ CCM (Online Figure XI) , thus suggesting the involvement of ␤-catenin-independent mechanisms in CD133 ϩ CCM-induced effects.
Discussion
Great enthusiasm has been generated by recent preclinical stem cell therapy trials on wounds created by punching the interscapular region of diabetic mice. 6 -8,30 In diabetic patients, lesions of this kind are caused by accidental nonadverted traumas and easily heal with rest and conventional treatment. Therefore, extrapolation of those promising results to the precarious situation of ischemic foot ulcers is premature. To recreate a situation analogous to the ischemic diabetic foot, we developed a new model, which consists of 
Barcelos et al CD133 ؉ Cells Promote Healing of Ischemic Ulcers
excisional full-thickness wounds in ischemic limbs of streptozotocin-induced diabetic mice. We verified that the association of diabetes and ischemia leads to a severe impairment in wound cicatrisation. In this model, transplantation of angiocompetent cells, derived from differentiation of peripheral blood mononuclear cells of healthy donors, were unable to facilitate wound closure (P. Madeddu, L. Barcelos, unpublished observation, 2008). We evaluated whether fetal progenitor cells, which previously proved to be therapeutically effective in a limb ischemia model, 13 succeed where adult cells failed. Besides CD133, those fetal progenitors expressed stemness markers not shared by their CD133
Ϫ progeny, such as TERT, Syk, and uPAR, which have previously been described to be involved in stem cell maintenance, angiogenesis, and vasculogenesis. [31] [32] [33] [34] [35] Although fetal CD133 ϩ cells express Wnt, under differentiation, they strongly downregulate Wnt4 and Wnt7A and upregulate of sFRP-1, sFRP-3, and sFRP-4. Interestingly, sFRP-1 was able to reduce CD133 expression in fetal progenitor cells without inducing the acquisition of mature endothelial markers. Given the complexity of signaling events governing differentiation, we would not expect the identical mimicking of CD133
Ϫ cell phenotype by only the presence of this one Wnt antagonist. The reduction in CD133 expression, however, verifies maintenance of CD133 ϩ identity in our model to strongly rely on Wnt signaling, as has been shown for other stem cells before, 36 and suggests that Wnt antagonism may trigger initial phases of differentiation by overriding the negative control exerted by Wnt. 37 Maintenance of stemness was relevant to the outcome of our preclinical trial: topical application of CD133 ϩ cells onto ischemic diabetic limb ulcers accelerated healing, whereas CD133 Ϫ cells were ineffective. Impaired wound healing in diabetic patients results from multifactorial deficits, including inefficient reparative angiogenesis, 26, 38 as well as aberrant control of cell survival 39 ; thus it may be clinically relevant that transplantation of fetal CD133 ϩ cells restored reparative angiogenesis in murine diabetic ulcers through stimulation of EC survival, proliferation, and migration.
The therapeutic efficiency of cell therapy depends on the adequate recruitment of applied cells to the target tissue and their ability to produce substances capable of supporting the healing process. 10 Using in vivo imaging methods, the extent of homing was shown to be rather low in most experimental and clinical studies (reviewed elsewhere 40 ). Consistently, by 3 different assays, we showed a low rate of incorporation of CD133 ϩ cells in diabetic wounds, which might result from the unfavorable environment at site of application. Our data do not exclude that vascular progenitor cells might directly support reparative angiogenesis under different circumstances, as supported by our previous observation that intramuscularly injected human fetal CD133 ϩ cells were able to incorporate in limb muscle neovasculature. 13 In view of the short persistence after application onto diabetic wounds, it is plausible that CD133 ϩ cells exert favorable effects on healing through a burst release of remedial factors and/or stimulation of the sustained paracrine reaction of the tissue of the recipient, as reported previously for other progenitor cells. 9 We specified a complex combination of cytokines and GFs produced by CD133 ϩ cells. Similarities could be found with substances released by endothelial progenitor cells 41 ; however, much higher concentrations were detected in the fetal CD133 ϩ CCM, thus accounting for the greater healing potential of these cells. We found that CD133 ϩ CCM elicited promigratory and prosurvival effects on human ECs. Neutralizing antibodies against VEGF-A, IL-6, and IL-8 reduced HUVEC migration but failed to suspend the protective action of CCM on high glucose-induced apoptosis (data not shown). The Akt-FOXO pathway seems to be implicated in the latter phenomenon because transfection of HUVECs with dominant-negative Akt reduced CD133
ϩ CCM-mediated survival in HG conditions. Other factors that were found increased in CD133
ϩ CCM, such as angiogenin, reportedly activate Akt-dependent survival pathway in ECs. 42 Thus, the combination rather than a single released agent seems to be responsible for the overall effects of the CD133 ϩ CCM on HUVECs. In vivo, cicatrisation promoted by CD133
ϩ CCM seems to be mainly ascribed to VEGF-A and IL-8, as denoted by the use of neutralizing antibodies.
Wnts are potent regulators of stem cell fate and skin maintenance and regeneration, 22 as well as angiogenesis. 20, 21 This study provides pioneering evidence linking stem cell paracrine action to activation of Wnt signaling in the host. CD133 ϩ cells induced endogenous expression of distinct Wnt genes in vivo and in vitro. Therefore, it appears that besides expressing both canonical and noncanonical components of the Wnt family, CD133 ϩ cells also selectively upregulate some of the Wnt genes that are constitutively expressed by ECs. The importance of these expressional changes is supported by our finding that stimulation of wound cicatrisation and neovascularization by CD133 ϩ CCM is inhibited by the Wnt antagonist sFRP-1. These results were mirrored by in vitro functional assays, in which the same antagonist abrogated the stimulatory effect of CD133 ϩ CCM on HUVEC migration and network formation.
At least 2 classes of Wnt antagonists have been reported. 29 The first class includes sFRP-1, which acts as scavenger of Wnt. The second class encompasses members of the Dkk family. Dkk-1 binds Kremen and the coreceptor LPR5/6, which is essential for canonical signaling, but does not prevent Wnt from associating with Fz. Dkk-1 was not efficient as sFRP-1 in inhibiting EC migration and network formation stimulated by CD133 ϩ CCM. By using a reporter assay, we could not demonstrate any change in ␤-catenininduced transcription activity in HUVECs stimulated by CD133 ϩ CCM. Altogether, these results indicate that the mechanisms implicated in CD133 ϩ CCM-induced stimulation of capillary-like network formation involve the interaction of Wnt with Fz on ECs and support the emerging concept that noncanonical Wnt pathways play a role in angiogenesis. 43 Our results indicate the participation of VEGF-A in the stimulatory effect of CD133 ϩ CCM on Wnt expression in human ECs. Reciprocally, the Wnt signaling pathway was found to strongly upregulate VEGF-A and IL-8, thereby supporting angiogenesis. 44, 45 However, recent microarray analyses revealed the complexity of Wnt targetome, the primary level including proteolytic enzymes (eg, matrix metalloproteinase-7), transcription regulators (eg, c-Myc), and pathway regulators (eg, VEGF-A), the secondary level being either effectors (eg, the c-Myc target gene p21) or target pathways (eg, VEGF receptor tyrosine kinase pathway) and the tertiary level encompassing targets of the target pathways (eg, the VEGF target gene DSCR1) (reviewed elsewhere 46 ). Exploring these mechanisms was beyond the focus of the present study.
In conclusion, this is the first study to demonstrate the efficacy and associated healing mechanisms of local therapy with CD133
ϩ progenitor cells in a preclinical model of diabetic ischemic foot ulcer. The fetus-derived cells would be difficult to obtain for therapeutic applications. However, the finding that CD133
ϩ CCM is also effective in stimulating wound cicatrisation, together with the discovery that the healing effect is associated with activation of the Wnt signaling pathway in the host, may have important implications for the cure of the ischemic complications of diabetes. Fetal CD133 ϩ cells might be used in the future as a "factory" of therapeutic substances. Alternatively, synthetic replica of the CCM could be produced to obviate ethical concerns surrounding the direct use of fetal stem cells.
